Introduction
Surface treatment processes are widely used in modern manufacturing. Tight tolerances require close monitoring and control of individual processes in order to achieve a final product, satisfying stringent requirements. Many common surface treatment processes however do not easily allow the application of on-line monitoring and control, as these processes are carried out in harsh conditions, which are not suitable for the installation of sensors and analytical equipment. Examples are hot, corrosive gas atmospheres used for gas nitriding or plasmas used for a variety of nitriding and coating processes.
Traditionally, the parameters of these processes are tightly controlled, but the progress is not monitored at the sample surface. Thus, it is hoped to achieve a reproducible result. In reality however results do vary for a variety of reasons. Results are subjected to laboratory tests after completion of the process and faulty parts are eliminated from the production chain. This approach is both costly and time consuming. As an individual treatment run takes several hours, the development of new, optimized processes is also time consuming using this classical approach.
Direct observation of the surface during its treatment is therefore highly desirable. Methods in question must however be able to "look" at the surface treated from a distance, keeping equipment out of harsh conditions needed for the process. In principle, all methods relying on the interaction of the sample with electromagnetic waves could be qualified. In reality, one would be confined to the wavelength region from infrared to x-rays, as surface sensitivity is a must and radiation needs to be directed to a small sample.
For our experiments, we choose the wavelength region from 350 to 850 nm (NIR-VIS-NUV) for reasons of convenience and with a view to practical applicability. Furthermore, we restricted ourselves to classical spectroscopic ellipsometry [1, 2] , which determines the relation between the reflectivities for parallel and vertically polarized light and the phase shift between the two polarizations. These data are expressed either as a complex number ρ or as two ellipsometric angles Ψ and ∆. Obviously, one set of parameters exists for every wavelength used. With our instrument, this results in 1024 complex or 2048 real numbers per measurement.
Experimental
A spectroscopic ellipsometer (SENTECH, Berlin, model SE801) was attached to a prototype scale plasma CVD and nitriding plant (custom built by RÜBIG, Wels/Austria) (Fig. 1) . The setup permits aligning of the ellipsometer, while the reactor is open. Two small windows were inserted into the reactor vessel to pass the beam of the ellipsometer. The windows were made of high quality fused silica material and sealed with O-rings. We encountered no problems with birefringence of these windows. Closing of the reactor and thus insertion of the windows into the beam path leads to the expected small drop of the signal intensity but to no detectible change of the polarization state.
The plasma CVD and nitriding plant used is described in detail elsewhere [3] . The central piece is a hot wall reactor featuring wall temperatures up to 600°C. The reactor is supplied with the process gas by a standard gas mixing system using mass flow controllers. Gases are exhausted through a regulating valve maintaining constant pressure, a set of mechanical pumps and a scrubber. The plasma is sustained by applying d.c. pulses to the substrates. For deposition and nitriding these pulses are negative. It is however possible to insert reversed polarity pulses into the pulse train. This feature is mainly used to assure charge neutralization when depositing films of low conductivity.
For experiments on closed loop control ellipsometric spectra are fitted on line and the fitted parameters are used as input into a software controller, influencing a parameter of the CVD or nitriding process, e.g. the nitrogen flow.
A second setup was used for gas nitriding experiments. It consisted of a gas nitriding reactor with the spectroscopic ellipsometer attached to the top cover. Due to geometric constraints the light beam had to enter and leave the reactor vessel along parallel paths, requiring auxiliary mirrors inside the reaction vessel. While the windows were of the same basic design as in the first setup, we had severe problems with the lifetime of the mirrors. Finally, we produced our own mirrors featuring a multilayer metallization on fused silica.
Samples were discs made from chromium-alloyed steel with a thickness of 5 mm and a diameter of several cm. The sample surfaces were polished to mirror-like condition prior to the deposition or nitriding experiment. 
Interpretation of Ellipsometric Data
A Drude-Lorentz model [4] of the optical response was fitted to the raw ellipsometric data. This results in position, width and strength of individual oscillators. Typically 3 oscillators were used, whereby one has zero frequency, modeling the contribution of free charge carriers. For continuous fitting during the experiments, an effective interface model [5] was applied. This model characterizes all previous depositions by relative field amplitudes at the interface. The new data of each step are interpreted as resulting from a very thin layer of a new material on the last interface. The resulting parameters of individual oscillators were used as parameters for monitoring and control. In simple cases, also one of the ellipsometric angles obtained at a specific wavelength was used as a parameter for process monitoring and control. While the Drude-Lorentz model is more satisfactory from a theoretical point of view, the latter method opens the possibility to use a simple single wavelength ellipsometer for basic monitoring and control tasks.
Processes Investigated with Spectroscopic Ellipsometry
We applied on-line monitoring to four different surface treatment processes. The most extensive investigations were done using a plasma nitriding process [e.g. 6]. For this process, also, some experiments with closed loop control have been performed. Shorter exploratory studies were made for gas nitriding and for the plasma assisted chemical vapor deposition (PACVD) of titanium nitride (TiN) [7] and diamond like-carbon (DLC) [8] . In order to achieve an acceptable level of adhesion of DLC to tool steel, a novel system of interlayers based on conventional hard coating materials was developed and applied. Figure 2a shows the response of the ellipsometric angle Ψ measured at photon energy of 2.75 eV during a nitriding run. The effects of heating and plasma cleaning are clearly discernible, as expected, giving the monolayer sensitivity of ellipsometry. After the onset of the nitriding process a plateau is quickly reached, where a diffusion layer is formed. Once the formation of the compound layer, i.e. the formation of iron nitride, starts, a rapid change of the ellipsometric signal is observed. An upward slope after several hours of nitriding is most likely an artifact, generated by increasing roughening of the surface. The same data are displayed in Fig 2b, but this time 
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In order to corroborate the above interpretation of the ellipsometric data additional investigations have been performed, using x-ray diffraction (XRD) and atomic force microscopy (AFM). The results in Fig. 3 show that only after several hours of treatment an iron nitride phase is detected by XRD. The AFM however detects a substantial increase in roughness much earlier, approximately at the time when, according to the interpretation above, the formation of the compound layer should start. We interpret the roughening observed by AFM as an indication of the recrystallization process. According to this interpretation, a compound layer actually starts to form at the end of the plateau, but dissolves later during the flushing and cooling process step. Only after several hours a sufficiently thick compound layer is formed, surviving to the off-line analysis. For some applications, e.g. nitriding with subsequent deposition of a hard coating, the formation of a diffusion layer without compound layer is desirable. In order to fulfill this requirement we used the ellipsometer in a closed-loop-control configuration. The position of the third Lorentz oscillator is used as input to the regulator, while the nitrogen flow is controlled. Various control algorithms were tested. Figure 4 shows the time evolution of the position of the third Lorentz oscillator, while a proportional-integral (PI) regulator is active. After some time the fitting procedure fails for as yet unknown reasons. 
Results for Gas Nitriding and Discussion
In this case the introduction of auxiliary mirrors makes the fitting of the ellipsometric spectrum difficult. We therefore rely only on the observed change of the ellipsometric angle Ψ for monitoring purposes. The formation of a compound layer is in this case desirable. The major problem is, that the onset of nitriding depends on the success in removing of the oxide film. As the structure of the oxide film on steel depends on the history of the work piece, the behavior of the oxide cannot easily be predicted. The ellipsometric signal indicates the onset clearly (Fig. 5) . We have to note, that due to the higher nitrogen activity of the gas phase, a compound layer forms immediately after removal of the oxide on the surface. The layer later grows into the material. This process cannot be observed by the ellipsometer looking at the surface due to short penetration depth of light.
Results for Titanium Nitride Deposition
Only very preliminary information exists for this process, indicating that the stoichiometry of the growing film can be inferred from the dielectric properties in the blue range of the spectrum. Unfortunately, our spectral range does not include the plasmon of stoichiometric TiN around 3-eV, forcing us to observe just the low energy wing of the plasmon.
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Recent Developments in Advanced Materials and Processes Fig. 5 Change of the ellipsometric angle Ψ at a photon energy of 1.9 eV during the onset of a successful nitriding process.
Results for Diamond like Carbon
Diamond-like carbon films were deposited together with adhesion promoting interlayers between the substrate and the DLC. The whole process could be conveniently monitored by spectroscopic ellipsometry (Fig. 6) . Unfortunately, the most obvious method of thickness determination -i.e. the observation of interference fringes -could not be applied, as the absorbance of our films in the visible range was too high. Off-line measurements demonstrate that the method could be applied in the infrared range. The effective interface model [5] had to be applied to monitor film growth. Fig. 6 Change of the ellipsometric angle Ψ at a photon energy of 2,75 eV during a diamond-like carbon (DLC) deposition run. In the beginning of the DLC deposition, interference fringes are clearly visible.
Conclusion
Spectroscopic ellipsometry proved to be a useful tool for on line monitoring or even closed loop control of surface treatment processes. A special adaptation to individual processes is however required and a lot of detail work remains to be done.
